In this contribution some important reasons for decreased service time of selected nitrided and coated dies for Al extrusion are explained. The influences of contact pressure, length of bearing surface, nitriding conditions and of the preparation of inlet edge of bearing surface at PVD CrN coating were studied. Laboratory tests of the wear at lower and increased contact pressure and an analysis of the wear on industrial dies were carried out. The die design and the flow of the extruded material should lead to a decrease of the contact pressure on the bearing surface. Two different modes of the initial wear progress on the area at the exit edge of the bearing surface were observed. Despite good adhesional and other relevant characteristics of CrN coating, the analysis revealed that inappropriate construction of the initial edge of the die bearing surface in combination with the maintenance of the die seems to be the main reasons for a considerably decreased service time of these dies as expected.
Introduction
Aluminum hot extrusion is a process of metal forming done on a hydraulic press where heated billet is pushed by a ram through a profile opening of die which gives extruded profile the desired shape, dimensions and surface finish. In this manner, different products like rods, beams, wires, tubes, etc. with different dimensions can be produced. Beside extrusion speed and billet temperature, damages on die bearing surfaces have a decisive influence on the surface finish of the extruded profiles. Thus surface finish in relation to the shape and the required cross-sectional dimensions of extruded profile determines the service time of dies [1] [2] [3] [4] .
H10, H13 and H11 die steels are usually used for dies for Al hot extrusion. There are a lot of parameters which influence the service time of nitrided dies, i.e. die construction (design) and flow of material, loads (mechanical, thermal, tribological and chemical), wear resistance of nitrided layer which is related to the heat treatment and the initial quality of die steel as well as parameters related to nitriding process (previous surface preparation and nitriding parameters which influence characteristics of compound and diffusion layer, etc.), die maintenance, chemical composition of extruded material, etc. Values of parameters related to tribological loads on bearing surfaces are: contact pressures bellow 30 MPa, temperature of Al at profile surface up to 600ºC, extrusion profile speed up to 100 m/min; adhesion, abrasion and chemical reaction are the prevailing wear mechanisms [5] [6] [7] [8] [9] [10] [11] [12] [13] . For the prolongation of die service time in ca. 94% of cases gas nitriding is used, while the coating procedures are, due to "line-of-sight" effect in narrow gaps of dies, applied in lower cases. Roughly, PVD coated dies can achieve approximately eight times longer service time in comparison to nitrided dies. Since nitrided dies are also renitrided up to eight times their service times are thus comparable to those of surface coated dies [1, 4, 14] . Variations in service times of similar and same dies from the point of view of nitriding, contact pressure and bearing surface length of dies are not sufficiently explained; moreover, dies can also exhibit considerably lower service time as expected [8, 12, [15] [16] [17] . For this purpose, it is important to obtain relevant data on wear progress already in the early stage of degradation process since better explanation of the degradation progress is assured like this. These data can also be obtained from laboratory wear testing if similarity of tribological systems in laboratory and industry is established. In general, it is supposed that contact pressures on the die bearing surface are related to the die construction, shape and dimensions of the extruded profile; furthermore, it is also supposed that the contact pressure also changes around the die bearing surface perimeter and along the bearing surface length.
In this contribution, the results obtained in laboratory wear testing of nitrided samples and the results of the wear analysis of three industrial dies are given. Thus the results of the analysis of the early stage of the degradation process in laboratory testing of the wear will be presented and combined with the analysis of wear of the industrial dies.
Experimental

Laboratory tests
Laboratory wear testing simulating a tribological system occurred in Al hot extrusion was carried out; "block on cylinder" configuration was used (see Figure 1 ). The rotating cylinder with dimensions Ф146 mm x 35 mm made of Al-alloy represents the extruded part, while the block with dimension 30 mm x 30 mm x 20 mm represents the nitrided die. The chemical composition of the Al cylinder (AA6063) was Mg-0.5 wt%, Si-0.5 wt%, Fe-0.19 wt%, Mn-0.05 wt% with the balance being Al. Al cylinder was heated to around 550 ºC, sliding velocity was 0.5 m/s, normal load on nitrided samples amounted to 1920 N. Al cylinder is heated via a heating coil, i.e. in radial direction from outside, as well as via steel discs, i.e. in radial direction from inside. Thus using different heat supplies; i.e. from inside and from outside on the Al cylinder at approximately similar outside temperature (i.e. test temperature) this results in different temperature field on Al cylinder in radial direction and consequently also in different established contact length between heated Al cylinder and tested blocks. In our case, contact lengths of 13 mm and 10 mm, respectively, were used while testing. The wear tests were interrupted after 30 min, 60 min and 120 min of testing. "Block on cylinder" assembly for the testing of wear of nitride blocks.
Microstructure of applied blocks and dies
Wear tests were carried out on nitrided blocks made from H10 and H13 die steels. Two different microstructures on tested blocks (see Figure 2 (a) and (b)) were used for the wear testing to reveal the early stage characteristics of the wear progress; thus the influence of quality of microstructure has been estimated. Microstructure on bearing surface of analyzed dies after fifth renitriding cycle is given in Figure 2 (c).
Microstructures of nitrided samples were obtained with an OLYMPUS BX60M optical microscope (nital etchant was applied). Phase compositions of compound layer on nitrided samples were obtained by X-ray diffraction (XRD) measurements on Siemens Analytical D5000 diffractometer with a Cu anode. In order to carry out the observation of the wear progress on tribologically loaded surfaces after each test sequence, the stuck Al on tested blocks was removed in NaOH solution. The degradation progress of the compound layer was identified with scanning electron microscopy (SEM) and back-scattered electron microscopy (BSE) using a JEOL JSM 5610 microscope. Microstructure of nitrided blocks; microstructure of block 1 (H13) (a) and of block 2 (H10) (b) and dies after the fifth renitriding (H13) (c).
Applied dies for the analysis of the wear
Analysis of wear was performed on three industrial dies (H13), i.e. die 1 (see Figure 3 (a)) with a shorter (3.5 mm) bearing surface and die 2 (see Figure 3 (b)) with a longer (5 mm) bearing surfaces; both dies were renitrided five times. The third die (see Figure 3 (c)) was PVD coated with the length of the bearing surface of 5.5mm.Extruded profiles were hollow with thickness of walls of 1.5 mm.
As mentioned above, it was reasonable to suppose that at all dies contact pressures around the bearing surface perimeters (i.e. perpendicular to the sliding direction) and along the lengths of the bearing surfaces; i.e. in the sliding direction, change and, consequently, the wear progress is also likely to be different. Thus with regards to the die design (shape of profile, etc.), aluminum flow, areas with relatively lower and areas with relatively slightly increased contact pressures were assumed. Additionally, die steel properties and the quality of the nitrided layer are not constant on the entire bearing surface. This leads to differences regarding the wear progress on the die bearing surface that can enable its reconstruction (estimation). Applied dies (profiles, wall thickness 1.5mm) for the analysis of the wear progress, die 1 (a), die 2 (b) and die 3 (c).
Results
Microstructures of the nitrided samples and dies
On all nitrided blocks, the compound layer was formed on the surface (see Figure 2 (a) and (b)). It is clearly visible that almost no nitrides can be found on grain boundaries on the block 1 (Figure 2(a) ), while on the block 2 ( Figure 2(b) ) this was the case. XRD measurement revealed that on both samples, the compound layer is predominately composed of ε phase which is harder in comparison to γ' phase. Microstructure of nitrided bearing surface of dies (Figure 2(c) ) is also characterized by the presence of the compound layer on its surface and nitrides on the grain boundaries; but in this case, the XRD measurements revealed predominately γ' phase composition of the compound layer. This could indicate on its decreased hardness. Furthermore, also good adhesional properties for CrN coating were obtained (Lc 5 =90N).
Main characteristics of laboratory wear testing
Different modes of the wear progress were observed regarding the applying of lower and slightly increased contact pressure, while a different wear rate at a similar mode of the wear progress is related to a different quality of microstructures. In Figures 4 and 5 , the main characteristics regarding the testing at relatively lower and slightly increased contact pressures after one and two hours of testing for two different qualities of microstructure of nitrided blocks are shown. Thus for one hour of testing, it is visible that at a lower contact pressure (Figure 4(a) ) the density of islets of the removed compound layer is lower in comparison to higher contact pressure (Figure 4(b) ). In the case where a better quality of the compound layer is applied, the density of removed islets is lower since its removal takes place predominately partly on the base of adhesional removal of the compound layer and partly also due to its cracking (see Figure 4(c) ). On the other hand, in the case of a lower quality of the compound layer, i.e. due to the presence of increased porosity, additional mechanism at the compound layer degradation takes place resulting in increased density of removed islets of the compound layer; due to locally increased porosity in the compound layer, its cracking and adhesional removal occur (see Figure 4 (d) and (e)).
On Figures 5(a) and (b), the states of tribologically loaded surface after two hours of testing for relatively higher and lower contact pressure, respectively, are presented. It is clearly seen that the wear rate at a higher contact pressure is higher in comparison to a lower contact pressure (see details in Figures 5(c) ) and at this stage, no in sliding direction oriented removal of the compound layer takes place. But in later stages (after 3-4 hours of testing), this occurred during testing at a slightly higher contact pressure, as presented in Figure 5 Main characteristics of the wear progress on the nitrided surface with the compound layer at two different contact pressures; low density islets removal of the compound layer at a low contact pressure (a) and increased density at a slightly higher contact pressure (b) after 60 min of testing (block 1), adhesional removal of the compound layer (block 1) (c), cracking of the compound layer (block 2) (d), occurrence of the cracking and adhesional removal at spots with increased porosity (block 2) (e), sliding direction ←. Progress of the wear on the nitrided surface of the tested blocks; high density islets removal of the compound layer for increased contact pressure (block 1, t=120 min) (a), decreased removal of the compound layer for low contact pressure (block 2, t=120 min), detail of appearance of the tested surface (block 2) (c), in the sliding direction oriented removal of the nitrided layer after 180-240 min of testing (block 1) (d), sliding direction →.
Analysis of the main characteristics of wear of extrusion dies
Service time of die 1 was considerably lower (length of extruded profile 32775 m) in comparison to die 2 (55810 m). Since other important parameters (extrusion ratio (ca. 47 and 50), extrusion exit speed (14 and 15 m/min), etc.) for die 1 and die 2, respectively, were similar, it can be assumed that the length of the bearing surface can play a decisive role in the die service time. Namely, the area of occurrence of the maximal normal and frictional stresses between the bearing surface and the extruded profile surface is at die 1 obviously near the exit edge. Moreover, relatively sharp exit edges are usually subjected to the danger of over-nitriding that decreases their properties (toughness). Consequently, in combination with the above mentioned increased loads accelerated removing on nitrided exit edge takes place which leads to a shorter service time of the die. Big differences in wear progress regarding the segments on the bearing surface were obtained. Thus, the cross-sections of all segments on both lateral sides (except right side on die 1) of the bearing surface, the exit edges exhibited a lower wear rate. On the other hand, most exposed to the wear were the upper and the lower segments of the bearing surface of both dies (see Figures 6-7) . Two different modes at the initial wear progress on the exit (outlet) edge of the bearing surface of die 1 were observed. The first mode refers to the occurrence of the cracking of the exit edge (see Figure 6 (a)) and consequently of its chipping (see Figure 6(b) ). From such spots, the removal of material continues against the sliding direction (formation of furrows) and perpendicular to the sliding directions, i.e. around the edge of the die bearing surface perimeter as presented in Figure 6 (c). Furthermore, indication of the formation of furrows (only in a few cases) starts also from other initial damage, i.e. extension of the initial crater (and not only from the exit edge chipping) in the sliding as well as against the sliding direction of the extruded profile (see Figure 6(d) ). The fact that no typical high density adhesional removal of the compound layer (see Figure 5 (a)) was observed indicates that a slightly lower contact pressure between the bearing surface and the extruded Al prevailed. Moreover, also in the sliding direction oriented removal of the compound layer (characteristic of a slightly increased contact pressure) was not emphasized in this case. For the second mode of the initial wear progress, the occurrence of microcracking predominately almost parallel, but in a distance range of ca. 0.2-0.6 mm, to outlet edge (see Figure 7 (a) with cross-section on Figure 7(b) ) is characteristic. Furthermore, Figures 7(c) clearly indicate that the removal of the nitrided layer begins at the occurrence of the crack and continues also towards the exit edge; namely, the narrow band of the nitrided layer at the exit edge is only partly removed (or even non-removed, see Figure 7 (d)), while the material in the area range between the previous crack and slightly before the exit edge is completely removed. In the case where the initial cracking occurs relatively close to the exit edge its chipping occurs. Thus the appearance of cracking close to the exit edge can also be related to the occurrence of high normal and frictional stresses and not only to decreased properties of the nitrided layer. As mentioned above, the occurrence of the maximal contact pressure is, regarding the distance from inlet (or outlet) edge, not a constant value since it depends on Al flow, die design, extrusion technological parameters, etc. Moreover, the quality of the nitrided surface layer on the bearing surface can differ; consequently, different damage (at different times) can occur on the bearing surface. Similar to die 1, along the circumference of the bearing surface of die 2, different stages of the wear process can also be observed; thus Figure 8 segments. There the wear progress reached such an extent that it did not enable the required surface finish of extruded profiles; furrows approach the exit edge in the distance of about 0.3 mm. The main characteristics are: (i) the occurrence of increased roughness of the compound layer as a consequence of emphasized high density adhesional removal of the compound layer (see Figure 8(b) ) typically occurring at slightly increased contact pressures (see results of laboratory tests in Figure 5(d) ); (ii) this leads to a so called formation of small craters (on spots with decreased quality of the compound layer) as well as to the initiation of formation in the sliding direction oriented furrows (see Figure 8(b) ), since the shear strength of the compound surface layer is in this case considerably decreased; (iii) the next stage of the wear progress is the formation of shallow furrows which expand towards the exit as well as towards the inlet edges of the bearing surface. A considerable increase of the sizes of craters can also be observed. Main damages on the coated die takes place predominately at the inlet but in lower degree also at the outlet edges of the bearing surface. For spot A (see Figure 3 (c)) at inlet edges, this is presented on Figure 9 (a) where coarse scratches perpendicular to the extrusion direction are visible. It is clear visible that they are the consequence of an inappropriate preparation of the inlet edge of die bearing surface; this leads to initial removal of CrN at the inlet edge in the shape of islets and their extending along the entire bearing surface towards the outlet edge (Figure 9(b) ). Thus more attention should be paid to the preparation of the initial bearing surface as well as its inlet edge. In the central part of the die bearing surface it was observed that CrN coating on some spot was removed almost entirely (see Figure 9 (c)), while predominately this did not suffer larger damages. Here should be emphasized that although locally CrN coating was entirely removed, this does not considerably decrease the surface finish of the extrudate, while the formation of furrow along the entire bearing surface (see Figure 9 (b)) has a decisive influence on the surface finish of the extrudate. Thus, in order to efficiently utilize the wear resistance of coating the initial preparation as well as the maintenance of the edges should be carefully carried out.
Also on spot B (see Figure 3(b) ) similar damages as at inlet edge on spot A (see Figure 9 (a)) were observed. In the central part observed damages were predominately slightly smaller, while at outlet edge (see Figure 9(d) ) considerably larger damages were observed in comparison to spot A (see Figure 3(c) ).
Service time of nitrided and CrN coated die was approximately two times longer in comparison to only gas nitrided die. Thus CrN coated die is able to sustain considerably longer service time in case of improved preparation and maintenance of entire die bearing surface. More attention should be paid to the forming of radius of inlet edge where possible scratches and other damages should be avoided. Further, the radius of these gravures should be increased which will reduce the contact pressure and consequently also its crushing. Occurrence of damages on inlet edge of the die bearing surface at spot A; tangential coarse scratches (a), formation of furrow, i.e. extending of initial micro-craters in sliding direction of Al profile (b), cross-section at removed CrN coating in central part (c) and at exit edge of bearing surface (d).
Conclusions
From the analysis of the results obtained during wear tests on nitrided blocks carried out in a laboratory and the results of the wear analysis of the industrial hot extrusion dies, the following conclusions can be drawn: -Prolongation of die service time of nitrided dies for Al hot extrusion can be achieved by improving the construction of dies with the aim to decrease contact pressure on the die bearing surface, improving the quality of microstructure of nitrided layer as well as determining the appropriate bearing surface length. -At lower contact pressures, a lower density of removed islets of the compound layer as well as non-oriented removal of nitrided layer were observed; but this was the case in a later stage of the wear progress when applying a slightly higher contact pressure. -At die 1, no typical high density of removed islets of compound layer was observed, which indicates that a slightly lower contact pressure prevailed on the bearing surface. -Decreased quality of the compound layer accelerates its removal by the occurrence of additional mechanisms, i.e. cracking and accelerated removal on spots with an increased density of porosity. -Bearing surface length of dies should be determined in relation to the area of occurrence of the maximal contact pressure. -Inappropriate preparation of inlet edge of bearing surface of CrN coated die seems to be the main reason for formation of furrows which extend towards the exit edge of the bearing surface.
